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ACR

:   acute, mostly cellular, rejection

ALT

:   alanine aminotransferase

AMR

:   antibody‐mediated rejection

CD

:   cluster of differentiation

CR

:   complement receptor

DAMP

:   damage‐associated molecular pattern

DSA

:   donor‐specific antibody

HCC

:   hepatocellular carcinoma

HLA

:   human leukocyte antigen

Ig

:   immunoglobulin

IL

:   interleukin

IRI

:   ischemia--reperfusion injury

LPS

:   lipopolysaccharide

MAC

:   membrane attack complex

NASH

:   nonalcoholic steatohepatitis

PAMP

:   pathogen‐associated molecular pattern

TCC

:   terminal C5b‐9 complex

TLR

:   Toll‐like receptor

Overview of the Complement System {#hep30508-sec-0001}
=================================

The complement system (Fig. [1](#hep30508-fig-0001){ref-type="fig"}) is an evolutionarily ancient part of the immune system, traditionally respected for its antimicrobial effects but today appreciated for homeostatic functions that extend far beyond microbial clearance.[1](#hep30508-bib-0001){ref-type="ref"} More than fifty soluble and membrane‐bound complement components have been characterized (Table [1](#hep30508-tbl-0001){ref-type="table"}). Hepatocytes synthesize most of the components, and the liver accounts for up to 90% of the fluid‐phase complement proteins.[2](#hep30508-bib-0002){ref-type="ref"} It is hypothesized that the first complement component (i.e., C3) early in evolution was expressed intracellularly and that when organisms evolved into more complex bodies, complement proteins began to be secreted into the intercellular space and were later allocated for hepatic synthesis for intravascular release.[3](#hep30508-bib-0003){ref-type="ref"}

![The complement system. The complement system can be activated through three pathways (top), which converge on C3 to activate the common terminal pathway. Several pattern recognition receptors, like C1q, ficolins, mannose binding lectin, and collectins, activate the system after binding to exogenous PAMPs and DAMPs. The alternative pathway has another important function in the complement system, providing an amplification loop that enhances C3 activation independently of which pathway is initially activated. Activation of C3 leads to formation of a C5 convertase, which cleaves C5 into C5a and C5b. The anaphylatoxins C3a and C5a bind to their receptors, initiating downstream production of mediators, leading to inflammation. C5b initiates the formation of C5b‐9, often called the TCC, which forms the MAC if inserted into a membrane or sC5b‐9 is released to the fluid phase. The MAC may lead to lysis of bacteria and cells or, if sublytic, to activation of cells, whereas sC5b‐9 is a useful plasma marker of complement activation. The complement system is tightly regulated by soluble inhibitors including the important factor H controlling the alternative pathway. Abbreviations: AB, antibody; Ag, antigen; B, factor B; CRP, C‐reactive protein; H, factor H; MASP, mannose‐associated serine protease; MBL, mannose binding lectin; P, factor P.](HEP-70-725-g001){#hep30508-fig-0001}

###### 

A Selection of Central Complement Proteins

  Name                        Function
  --------------------------- -----------------------------------------------------------------------------------------------------------------------------------
  C1q/r/s                     The CP C1 complex containing pattern recognition molecule (C1q) and the proteases cleaving C1s (C1r) and C2/C4 (C1s)
  MBL and ficolin‐1, ‐2, ‐3   Pattern recognition molecule of the LP
  MASP‐1, ‐2                  Proteases in the LP, cleaves C2 and C4 (only MASP‐2)
  C2                          Protease of the CP and LP C3/C5 convertase (C2aC4b)
  C3                          Part of the AP C3 convertase (C3bBb) and all C5 convertases. Progenitor to cleavage fragments C3a/C3b/iC3b/C3dg/C3d
  C4                          Part of the CP/LP C3 convertase (C2aC4b)
  C5                          Progenitor for the anaphylatoxin C5a and the terminal C5b‐9 complement complex
  C6, 7, 8, 9                 Forms with C5b the terminal C5b‐9 complement complex
  Factor B                    Protease of the AP C3/C5 convertase (C3bBb)
  Properdin                   Stabilizes the AP C3/C5 convertases (C3bBbP)
  C3a and C3aR                Anaphylatoxin (C3a) and its associated receptor
  CR1‐4                       CR1 binds C3b and regulates C3 activation, CR2 on lymphocytes binds C3d, CR3 and CR4 phagocytose by binding iC3b opsonin
  C5a and C5aR1, C5aR2        Anaphylatoxin (C5a) and its associated receptors
  C1‐INH                      Fluid phase regulator, inhibits CP and LP activation by inactivation of C1r/s and MASPs
  Factor I                    Fluid phase regulator, degrades C3b and C4b together with cofactors
  C4BP and factor H           Fluid phase regulators of the CP/LP and AP, respectively; cofactor to factor I for the degradation of C4b and C3b, respectively
  DAF and MCP                 Membrane‐bound regulators. DAF serves convertase decay acceleration and MCP is a cofactor for factor I degradation of C4b and C3b
  CD59                        Regulator of the terminal complement complex, prevents assembly of C5b‐9

Abbreviations: AP, alternative pathway; CP, classical pathway; LP, lectin pathway.
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The complement system serves host tissue surveillance by reacting to the presence of danger. Activation of the complement system is typically initiated by binding of complement pattern recognition receptors within the classical and lectin pathways to pathogen‐associated molecular patterns (PAMPs) or damage‐associated molecular patterns (DAMPs) (Fig. [1](#hep30508-fig-0001){ref-type="fig"}). Activation proceeds to the formation of an enzyme complex, a convertase, for cleavage of the central complement component, C3. C3 cleavage generates a small C3a anaphylatoxin and surface deposition of the larger C3b fragment. C3a promotes cell signaling by binding to its receptor, C3aR. C3b initiates the alternative pathway in which C3 activation is amplified by formation of a C3 convertase.

C3b and its degradation products are also ligands for various complement receptors. Along with increased surface deposition of C3b, the substrate specificity shifts from C3 to C5. The initiation of C5 cleavage into C5a promotes cell activation and chemotaxis through the proinflammatory receptor C5aR1, whereas C5b initiates formation of the terminal C5b‐9 complex (TCC), which can be inserted into a membrane as the membrane attack complex (MAC) or released to the fluid phase as sC5b‐9.

Complement in Disease {#hep30508-sec-0002}
=====================

The net complement response is the result of a delicate balance between activation and regulation. Insufficient regulation or excessive activation results in inflammation. Thus, essential regulators must be present to prevent or modulate activation. Mutational loss of regulatory function can be the primary cause of disease, like paroxysmal nocturnal hemoglobinuria and atypical hemolytic syndrome. Surfaces that lack or have lost the ability to regulate complement activation, for example, implanted biomaterials or ischemic tissue, will be targets for complement activation. Because complement can be activated on all damaged tissues, it will also be a contributor to disease in a large variety of disorders, if not all diseases. An example from hepatology, with complement in a central position, is nonalcoholic steatohepatitis (NASH) and associated hepatocellular carcinoma (HCC). The other side of the coin of complement disease is the inability to respond to PAMPs or DAMPs, typically by mutational loss of complement function. Primarily, this is associated with infection and insufficient handling of cell debris. Infections by encapsulated bacteria, typically *Neisseria meningitidis*, are more common in individuals with primary or acquired immunodeficiency of complement proteins.[4](#hep30508-bib-0004){ref-type="ref"}

Complement and Crosstalk {#hep30508-sec-0003}
========================

Almost all immune cells express receptors for complement activation fragments, which influence the innate and adaptive immune responses. C3b and the anaphylatoxins are involved in T‐cell activation, and the threshold for B‐cell receptor activation is lowered by simultaneous linkage of C3d fragments on the immunogenic surface to B cells.[5](#hep30508-bib-0005){ref-type="ref"}, [6](#hep30508-bib-0006){ref-type="ref"} Other important innate effector systems crosstalk with the complement system, for example, the Toll‐like receptor system (Fig. [2](#hep30508-fig-0002){ref-type="fig"}), and act in synergy with complement activation in the synthesis and release of cytokines.[7](#hep30508-bib-0007){ref-type="ref"} Inflammasome activation for the release of mature interleukin 1 beta (IL‐1β) is influenced by simultaneous stimulation of complement activation products, including C5a and sublytic MAC.[8](#hep30508-bib-0008){ref-type="ref"}

![The complement system and crosstalk with other innate immune effector systems in liver IRI, regeneration, and transplantation. The complement system is activated by endogenously derived DAMPs in IRI, regeneration, and transplantation. The activation products from the complement cascade activate cells by binding to cell receptors, which frequently crosstalk with receptors and mediators of a number of effector molecules and mechanisms downstream in the innate and adaptive immune system. The most important complement effector molecules are C3a, C5a, and C5b‐9. C4d is a split product of the classical and lectin pathway activation and is covalently bound to cell membranes. If immunohistopathological staining in liver biopsies from liver grafts shows binding of C4d, AMR is suspected. Complement activates other effector systems, which frequently crosstalk and activate complement, consistent with a widespread bilateral and multilateral crosstalk between the complement system and these other effector systems. In particular, abundant crosstalk occurs with the hemostatic system ("thromboinflammation") including the other plasma cascades and the platelets. Complement activation promotes hemostasis by several routes; C5a activation of C5aR1 on monocytes and endothelial cells induces up‐regulation of tissue factor (not shown) and thereby promotes coagulation through the extrinsic pathway. C3a binding to C3aR on platelets primes the cell for activation and insertion of MAC through the platelet membrane, promoting release of prothrombotic platelet microvesicles. Furthermore, there is an extensive crosstalk between complement and granulocytes, releasing enzymes like matrix metalloproteinases, and reactive oxygen species. Finally, there are advanced crosslinks between complement and the TLRs, producing a range of proinflammatory and anti‐inflammatory cytokines, and with the inflammasome. This crosstalk may lead to a synergistic effect on the effector mechanisms involved and thereby produce a stronger inflammatory response. The main cellular players in these mechanisms, except for hepatocytes, are granulocytes, endothelial cells, platelets, dendritic cells, monocytes, and macrophages/Kupffer cells. Although there is much overlap with respect to the complement‐induced activation of the different cells, granulocytes typically produce and release proteases and ROS; endothelial cells express adhesion molecules; and macrophages/Kupffer cells, monocytes, and dendritic cells typically up‐regulate TLRs and their coreceptor CD14, produce and release cytokines, and assemble and activates the inflammasome. Platelets are increasingly recognized as important immune cells and can display or release all of the effector molecules shown, in particular dependent on the C5b‐9 insertion. Abbreviations: MMP, matrix metalloproteinase; ROS, reactive oxygen species. Printed with permission from Kari C. Toverud.](HEP-70-725-g002){#hep30508-fig-0002}

Complement Protein Synthesis in the Normal and Diseased Liver {#hep30508-sec-0004}
=============================================================

The level of complement proteins in plasma is determined by the balance between synthesis and consumption. Both the native components and their activation markers must be quantified in order to determine the causality. Cirrhosis, liver failure, and starvation will normally result in decreased levels of most soluble complement proteins. Decreased levels of C3 and C4 can also be found in chronic active hepatitis of any origin without liver failure, where synthesis is maintained but the levels are depressed due to simultaneous activation and thus consumption.[9](#hep30508-bib-0009){ref-type="ref"} This is accompanied by increased levels of activation markers. Additionally, several complement proteins, including C3 and C4, are acute‐phase reactants that will increase by up to 50% in response to systemic inflammation.[10](#hep30508-bib-0010){ref-type="ref"} Thus, the level of a component can be within the normal range despite pathophysiological changes, such as increased production and ongoing consumption.

Liver Injury {#hep30508-sec-0005}
============

Ischemia--Reperfusion Injury {#hep30508-sec-0006}
----------------------------

Warm hepatic ischemia--reperfusion injury (IRI) regularly occurs during liver resection as several procedures require intermittent total vascular occlusion (the "Pringle maneuver") in order to reduce blood loss and facilitate surgery (Fig. [3](#hep30508-fig-0003){ref-type="fig"}). While the ischemia time is relatively short during the Pringle maneuver, it is substantially longer in the course of liver transplantation, with both cold ischemia up to 12 hours during preservation and warm ischemia during implantation, leading to increased reperfusion injury.

![Liver IRI, regeneration, and transplantation. The figure represents an overview of the text's three main topics. Liver IRI exemplified by hilar clamping ("Pringle maneuver"), regeneration exemplified after liver surgery, and transplantation exemplified by a segment 2 to 3 allograft (the "Resection And Partial Liver Segment 2/3 Transplantation With Delayed Total Hepatectomy \[RAPID\] concept"). Printed with permission from Kari C. Toverud.](HEP-70-725-g003){#hep30508-fig-0003}

Several experimental models targeting different complement effectors have demonstrated an ameliorating effect on hepatic IRI‐induced injury in rats. Soluble complement receptor 1 (CR1) treatment, which efficiently reduces C3 activation, improved microvascular circulation and reduced adherent leukocytes.[11](#hep30508-bib-0011){ref-type="ref"} C1 inhibitor, although not a specific complement inhibitor, attenuated plasma alanine aminotransferase (ALT) levels.[12](#hep30508-bib-0012){ref-type="ref"} Treatment with the C5aR1 antagonist PMX53 has reduced mortality after total hepatic IRI (i.e., occlusion of both the portal vein and the common hepatic artery) and attenuated increases in liver enzyme levels and neutrophil infiltration after partial hepatic IRI (i.e., occlusion of the left branches of the portal vein and common hepatic artery).[13](#hep30508-bib-0013){ref-type="ref"} Finally, a study using C6‐deficient rats clearly demonstrated that formation of the TCC led to increased inflammation and cell injury in hepatic IRI.[14](#hep30508-bib-0014){ref-type="ref"}

Targeted complement inhibition using the fusion protein CR2--cluster of differentiation 59 (CD59) has revealed promising effects in a mouse model of hepatic IRI.[15](#hep30508-bib-0015){ref-type="ref"} CR2 binds to cell‐bound C3d at sites with ongoing complement activation, whereas CD59 binds to C8 and C9, thereby preventing C5b‐9 formation. This complement inhibitory strategy might be particularly beneficial to prevent liver injury due to increased bioavailability and efficacy while preserving host immunity compared to systemic complement inhibition. Furthermore, CR2--CD59 inhibition does not impact C3 and C5, allowing the prosurvival properties of C5a and C3a to operate locally in hepatic IRI. Marshall et al. identified membrane TCC as the principal mediator of hepatic injury, demonstrating that CR2--CD59 increased local liver concentrations of IL‐6 and tumor necrosis factor (TNF) accompanied by increased signal transducer and activator of transcription 3 and Akt activation, reduced hepatic neutrophil infiltration, inhibition of mitochondrial depolarization, and recovery of adenosine triphosphate stores.[15](#hep30508-bib-0015){ref-type="ref"}

Furthermore, the inhibitory strategy exerted protective effects and enhanced liver regeneration after hepatic IRI, also after 90% hepatectomy.[15](#hep30508-bib-0015){ref-type="ref"} The protective effects associated with reduced levels of membrane TCC may be obtained through reduced NLR family pyrin domain containing 3 (NLRP3) inflammasome activation and subsequently reduced levels of IL‐1β and IL‐18.[16](#hep30508-bib-0016){ref-type="ref"} In the future, a therapeutic preferably site‐targeting, complement‐modulating pharmaceutical[15](#hep30508-bib-0015){ref-type="ref"} might be useful after large liver surgery to prevent complement‐mediated liver injury and simultaneously promote liver regeneration. Complement activation appears to play an essential role in liver regeneration and is required for liver cell survival and proliferation. Thus, in hepatic IRI, complement activation balances its fine‐tuned effects between injury and protection, an interplay that needs to be further elucidated in humans. We propose that C5 with C5a generation should be prevented at a very early stage to avoid tissue damage but compensated by complement being free to act in repair and regeneration.

Systemic Inflammatory Response {#hep30508-sec-0007}
------------------------------

The liver comprises the highest content of tissue‐resident immune cells in the body, including Kupffer cells, dendritic cells, and natural killer cells.[17](#hep30508-bib-0017){ref-type="ref"} These immune cells function together with infiltrating myeloid and lymphoid cells to respond to PAMPs and DAMPs. Thus, it is not surprising that the liver reacts vividly to systemic inflammation. Under normal physiological conditions, complement activation is tightly regulated and maintains host homeostasis by acting only locally. However, improper or excessive complement activation may cause detrimental tissue and organ damage and may amplify a systemic inflammatory and counterproductive reaction as seen in septic shock.

Noninfectious systemic inflammatory response with activation of the complement system occurs in the course of trauma, intoxication, response to extracorporeal membrane oxygenation, whole‐body ischemia (e.g., after cardiac arrest), burns, and local nonhepatic ischemia (e.g., bowel ischemia). Circulating complement products like C5a induce hepatic endothelial cell activation with up‐regulation of cell adhesion molecules, including intercellular cell adhesion molecule 1 and vascular cell adhesion molecule 1 (VCAM‐1), and subsequent recruitment of neutrophils to the liver sinusoids.[18](#hep30508-bib-0018){ref-type="ref"}

Experimental C1 inhibitor treatment has been shown to reduce hepatic VCAM‐1 expression,[19](#hep30508-bib-0019){ref-type="ref"} while C3 knockout mice, C3aR/C5aR antagonists, and CR2‐fH protect against fulminant hepatic failure due to systemic inflammation.[20](#hep30508-bib-0020){ref-type="ref"} In a primate model of *Escherichia coli* sepsis, single inhibition of C3 or C5 both attenuated *E. coli*--induced liver injury by reducing ALT and alanine aminotransferase (AST) levels and reduced congestion, leukocyte infiltration, and hepatocellular vacuolization,[21](#hep30508-bib-0021){ref-type="ref"} confirming the detrimental effects of uncontrolled complement activation.

The reaction of hepatic cells to systemic complement activation should be highlighted. The liver is constantly exposed to activated complement, immune complexes, and intestinal bacterial products like lipopolysaccharide (LPS) from gram‐negative bacteria. Large amounts of LPS enter the portal vein from the intestines but do not reach the systemic circulation. Usually, LPS binding to its receptor, Toll‐like receptor 4 (TLR4)--CD14, induces a strong proinflammatory signal. However, in the liver the response is different. For example, in experimental studies, resident liver Kupffer cells stimulated by LPS binding to TLR4--CD14 produce the anti‐inflammatory cytokine IL‐10.[22](#hep30508-bib-0022){ref-type="ref"} Hepatocytes are more resistant to activated complement products than endothelial cells, due to intracellular signaling through the phosphoinositide 3‐kinase (PI3K)/Akt pathway.[23](#hep30508-bib-0023){ref-type="ref"} Specifically, phosphorylation of Akt, a prerequisite for increased and thus protective PI3K activity, is complement‐dependent in hepatocytes; and much higher concentrations of phosphorylated Akt are found in hepatocytes compared to heart and kidney. Concordantly, only when the system is exhausted by overwhelming systemic stimuli will the liver be injured. The mechanism of increased resistance of hepatocytes to complement injury should thus be further investigated in order to develop therapeutic approaches.

Importantly, complement‐dependent IRI has been found in experimental studies to be delicately balanced with complement regulation of liver regeneration, suggesting that complement is a double‐edged sword in these processes.[24](#hep30508-bib-0024){ref-type="ref"}

Emerging Challenges in Liver Injury: NASH {#hep30508-sec-0008}
-----------------------------------------

The incidence of nonalcoholic fatty liver disease progressing to NASH is increasing worldwide in parallel to the obesity epidemic, leading to fibrosis, cirrhosis, and associated HCC.[25](#hep30508-bib-0025){ref-type="ref"} The innate immune system plays a major role in the pathogenesis, including a significantly increased synthesis of C3.[26](#hep30508-bib-0026){ref-type="ref"} Additionally, widespread complement activation with deposition of iC3b, C3d, C4d, and C5b‐9 around steatotic hepatocytes is associated with increased numbers of invading neutrophils, proinflammatory cytokine expression, and disease severity.[27](#hep30508-bib-0027){ref-type="ref"} C1q has been associated with HCC development through activation of the collagen receptor discoidin domain receptor 1.[28](#hep30508-bib-0028){ref-type="ref"} Thus, NASH and related HCC could be decreased by inhibition of a constantly activated complement system, for instance, by targeting the alternative pathway.[29](#hep30508-bib-0029){ref-type="ref"}

Complement and Liver Regeneration {#hep30508-sec-0009}
=================================

Liver regeneration has been evolutionarily preserved in mammals. Animal models of both toxic and surgical liver injury have shown the importance of complement in the process. Knockout animals paved the way for these discoveries. In a model of toxic liver injury, using carbon tetrachloride (CCl~4~) injected intraperitoneally, C5‐deficient (C5^--/--^) mice showed severe toxic damage to the liver with defective liver regeneration and persistent parenchymal necrosis compared to wild‐type mice.[30](#hep30508-bib-0030){ref-type="ref"} After the toxic injury, hepatocytes, which constitute 90% of all liver cells, showed a marked delay of reentry into the cell cycle (S phase) and diminished mitotic activity in C5^--/--^ mice. Reconstitution of C5‐deficient mice with murine C5 or C5a significantly restored hepatocyte regeneration. Furthermore, blockade of C5aR1 in wild‐type mice abrogated the ability of hepatocytes to proliferate in response to liver injury, providing a mechanism by which C5 exerts its function.[30](#hep30508-bib-0030){ref-type="ref"}

Furthermore, C5aR1 was up‐regulated on hepatocytes, which normally do not express C5aR1 constitutionally, during liver regeneration in a model of surgical liver injury.[31](#hep30508-bib-0031){ref-type="ref"} C5a binding to C5aR1 induced a growth response in hepatocytes, and C5aR1 was involved in a cell cycle signaling pathway. The findings led to the hypothesis that C5a amplifies the proliferative response through C5aR1.

As with C5, the other central component of the complement cascade, C3 also impacts on liver regeneration. C3‐deficient mice (C3^--/--^) were shown to have impaired liver regeneration after CCl~4~ injury, which, as shown with C5a reconstitution in C5^--/--^ mice, was restored by C3a reconstitution.[32](#hep30508-bib-0032){ref-type="ref"} The authors confirmed their findings using C3aR‐deficient mice (C3aR^--/--^), indicating that the effect was through C3a--C3aR signaling. Increased C3b in serum and C3b deposition in the liver found early after injury in wild‐type mice would also be important as an inducer of C5 convertase, producing C5a. In addition to C3b, iC3b deposition found in damaged liver parenchyma in wild‐type, but not in C3‐deficient, mice coincided with delayed removal of damaged tissue in C3^--/--^ mice. Indeed, both C3a and C5a, as well as C3b/iC3b, may contribute in the regenerative process after liver injury.[32](#hep30508-bib-0032){ref-type="ref"}

Experimental two‐thirds partial hepatectomy in rodents was pioneered in the early 1930s by Higgins et al., and although later refined, the 70%‐80% hepatectomy in rodents is still an excellent and widely used model system for studies of liver regeneration. Using a hepatectomy model in mice, the importance of both C3 and C5 for liver regeneration was studied.[33](#hep30508-bib-0033){ref-type="ref"} Both C3^--/--^and C5^--/--^ mice showed increased apoptosis, parenchymal damage, liver failure, mortality, and impaired liver regeneration, with more severe pathological changes in the C3‐deficient mice. Crossbred mice with dual deficiency (C3^--/--^ and C5^--/--^) had a more exacerbated phenotype, with signs of liver failure in all animals. Reconstitution with C3a, C5a, or both, prior to and directly after the surgical insult, partly reversed the changes in the deficient mice, with an additive effect with C3a/C5a combined reconstitution.[33](#hep30508-bib-0033){ref-type="ref"}

Nontraditional activation of the complement system (i.e., activation not dependent on the classical, lectin, or alternative pathway) is frequently reported, including direct activation of C5 by proteases of the coagulation system, like thrombin. In liver regeneration, a similar activation of complement is suggested.[34](#hep30508-bib-0034){ref-type="ref"} Using the hepatectomy model, knockout mice with defects in essential components of the three initiating pathways (C4^--/--^ mice for the classical and lectin pathways, factor B^--/--^ mice for the alternative pathway) were studied, as well as C3^--/--^ mice for the initial common pathway in the activation cascade. The authors found that C4^--/--^, factor B^--/--^, and C4^--/--^ mice challenged with an anti--factor B antibody, effectively preventing C3/C5 convertase formation by all three pathways, had normal regeneration, while regeneration in C3^--/--^ mice was delayed. Plasmin‐mediated C3 activation was demonstrated *in vitro* in plasma from all mouse strains used in the study. Thus, the authors proposed that plasmin, a known regulator of liver regeneration,[35](#hep30508-bib-0035){ref-type="ref"} may contribute in nontraditional complement activation in liver regeneration.[34](#hep30508-bib-0034){ref-type="ref"}

In a study of the role of complement in both IRI and liver regeneration following 70% hepatectomy, C3 was confirmed to play a central role in complement‐dependent liver regeneration.[24](#hep30508-bib-0024){ref-type="ref"} The authors suggested that involvement of complement C3 in the proliferative response could be independent of C3a--C3aR interaction and that the signaling could involve desarginated C3a, also termed acylation‐stimulating protein, interacting with the enigmatic complement receptor C5aR2, previously called C5L2.

Interestingly, inhibition of the TCC without inhibiting upstream generation of C3a and C5a enhanced liver regeneration after 70% hepatectomy and enhanced survival in an extreme 90% hepatectomy model.[15](#hep30508-bib-0015){ref-type="ref"} Proliferative effects and reduced injury as outlined above (see Liver Injury) are thought to contribute to these findings. Thus, the prosurvival properties of C3a and C5a seem to be exerted through crosstalk with the cytokine network, in particular local formation of IL‐6 and TNF.[36](#hep30508-bib-0036){ref-type="ref"} The versatile cytokine IL‐4, produced locally by natural killer T cells, may contribute to liver regeneration, possibly through a regulatory positive feedback loop with C3a and C5a also involving induction of macrophage‐produced IL‐6.[37](#hep30508-bib-0037){ref-type="ref"}

In liver surgery, the concept of liver regeneration is widely used.[38](#hep30508-bib-0038){ref-type="ref"} Interestingly, in a principle of partial liver transplantation, necessary regeneration has been demonstrated despite a standard immunosuppressive regimen (Fig. [3](#hep30508-fig-0003){ref-type="fig"}).[39](#hep30508-bib-0039){ref-type="ref"} The complete mechanisms behind liver regeneration in humans are unknown, but experimental models reveal that complement seems to have an important role in these complex cellular processes.

Liver Transplantation {#hep30508-sec-0010}
=====================

Liver Transplantation, Immunotolerance, and Rejection {#hep30508-sec-0011}
-----------------------------------------------------

The liver has unique characteristics when it comes to immunotolerance, and the field is still incompletely understood. The tolerability has been found in several species including rodents, pigs, dogs, and humans. Approximately 20%‐25% of liver‐transplanted patients could be weaned off immunosuppression without experiencing rejection.[40](#hep30508-bib-0040){ref-type="ref"} Another interesting feature of liver transplantation is that the need for human leukocyte antigen (HLA) cross‐matching has been seen as debatable with respect to transplant outcome, in sharp contrast to kidney and heart transplantation where HLA cross‐matching is critical for outcome.

Despite the relative immune tolerance, rejection occurs. Complement is the prime immune effector system in antibody‐mediated rejection (AMR) to mismatched organs as preformed donor‐specific antibodies (DSAs) directed against HLA or non‐HLA antigens activate complement.[41](#hep30508-bib-0041){ref-type="ref"} DSA‐initiated activation of complement is mediated through the classical pathway. Complement activation in AMR targets donor endothelium and causes inflammation and injury.[42](#hep30508-bib-0042){ref-type="ref"} Both innate and adaptive immune responses are induced. C3b binds to the surface and acts as an opsonin, C5b‐9 (MAC) is inserted in the membranes, and both ion influx and endocytosis of vesicles with the complex induce nuclear factor kappa B--mediated inflammatory responses. C3a and C5a generate a range of inflammatory responses through their receptors. T‐cell alloreactivity is increased, and B‐cell CR2 binding of C3d may amplify their response to target antigens (Table [1](#hep30508-tbl-0001){ref-type="table"}). "Sensitized" patients, who have preformed DSAs, are prone to AMR. Both preformed antibodies without any known previous immunization, so‐called natural antibodies, which includes immunoglobulin M (IgM), IgA, and IgG~3~(the IgG subclass with the highest complement‐activating ability), and antibodies produced in response to immunization contribute to the complement‐mediated rejection. In a population‐based study of over 1,000 kidney‐transplanted patients, complement‐binding anti‐HLA DSAs correlated highly significantly with graft loss compared to patients with non‐complement‐binding anti‐HLA DSAs or patients without anti‐HLA DSAs.[43](#hep30508-bib-0043){ref-type="ref"}

The liver is far less prone to AMR than other organ grafts, and although cross‐matching seems to have overall limited value, cases have been published with AMR caused by complement‐binding anti‐HLA antibodies.[44](#hep30508-bib-0044){ref-type="ref"} Approximately 8% of liver‐transplanted patients develop *de novo* mostly anti‐HLA antibodies within the first year after transplantation, resulting in lower graft and overall survival.[45](#hep30508-bib-0045){ref-type="ref"} Complement fixation of these antibodies is unknown, but it is reasonable to speculate that they can activate complement. These data support the hypothesis that the liver, although to a far lesser extent than other solid organ grafts, is able to induce a humoral response. Because of this, AMR in liver transplantation has regained interest in recent years.

As is the case in kidney grafts, both acute and chronic AMR seems to exist in liver grafts. Interestingly, the DSA‐positive liver transplant recipients with the highest complement‐binding affinity were at greatest risk of developing AMR.[46](#hep30508-bib-0046){ref-type="ref"} Despite recent evidence of AMR also in liver grafts, the liver has a unique ability to suppress immune responses. As described, the regenerative potential of the liver, where complement plays an important part, might repair damage without fibrosis formation and thereby "hide" damage. Along with a range of other proposed mechanisms for immune tolerance in the liver, these are of essential benefit to liver transplant recipients. Interestingly, the immune tolerance of the liver could be used clinically as liver grafts have been found to protect kidney grafts from rejection, including complement‐mediated hyperacute AMR in simultaneous liver/kidney transplantation.[47](#hep30508-bib-0047){ref-type="ref"} It is even suggested that auxiliary partial liver transplantation combined with kidney transplantation could be a treatment option in highly sensitized patients waiting for kidney transplantation. The mechanism seems to be clearance of complement‐inducing DSAs from the circulation,[48](#hep30508-bib-0048){ref-type="ref"} and DSAs against HLA class I seem better cleared than DSAs against HLA class II.

Monitoring Rejection by Complement Deposition {#hep30508-sec-0012}
---------------------------------------------

Biopsy staining of the stable, inactive, covalently bound complement split product C4d on endothelial cells has been acknowledged as a valuable detection tool of AMR in kidney transplants and is included in the Banff criteria for rejection. C4d is a split product of C4b generated from C4, typically by antibody‐induced (e.g., DSAs) classical pathway activation of the complement system. However, C4 activation with C4d deposition may also be achieved by antibody‐independent lectin pathway complement activation. Antibodies interact noncovalently with the surface on the endothelial cells and are readily washed away by the bloodstream; the covalently bound C4d is unaffected and serves as a "footprint" of antibody‐mediated tissue damage. C4d also has value in the concept of chronic AMR. Diffuse staining of C4d has been associated with chronic changes of kidney grafts reflecting chronic DSA‐mediated renal allograft rejection.

The value of C4d staining in monitoring liver graft rejection has been debated, both because AMR has not been well established in liver grafts and because it has been difficult to determine in which of the many liver vascular departments C4d deposits would be of value for diagnostics. However, positive C4d staining is now also recommended as a criterion by the Banff Working Group on Liver Allograft Pathology in both acute and chronic AMR of liver grafts (Fig. [2](#hep30508-fig-0002){ref-type="fig"}).[49](#hep30508-bib-0049){ref-type="ref"}

Complications After Liver Transplantation and Real‐Time Monitoring {#hep30508-sec-0013}
------------------------------------------------------------------

Standard postoperative monitoring following liver transplantation includes laboratory assessment of circulating lactate, AST, ALT, international normalized ratio (INR), and bilirubin. A sudden increase in lactate may be the first sign of graft ischemia and is usually followed up by diagnostic radiology. Elevated lactate, transaminases, INR, and bilirubin during the first week after transplantation are associated with delayed graft function.[50](#hep30508-bib-0050){ref-type="ref"} Later, such as from day 7 onwards, such increases may reflect acute, mostly cellular, rejection (ACR).[51](#hep30508-bib-0051){ref-type="ref"} A biopsy of the liver graft is needed to diagnose ACR.

Microdialysis catheters with a semipermeable membrane at the tip enable real‐time tissue monitoring of the condition of the transplanted organ. Metabolic substances (lactate, pyruvate, glucose, glycerol, urea, and glutamate) and mediators of inflammation (cytokines, chemokines, and complement activation products) could be sampled from the intercellular space in hepatic tissue by this method. In liver transplantation, high concentrations of intrahepatic lactate before reperfusion correlated with the magnitude of reperfusion injury.[52](#hep30508-bib-0052){ref-type="ref"} Poorly functioning liver grafts were associated with high lactate concentrations prior to reperfusion and complement activation as seen by C4d deposition detected by histological examination.[53](#hep30508-bib-0053){ref-type="ref"} After reperfusion, simultaneous increases of lactate, the lactate‐to‐pyruvate ratio, and glycerol are highly indicative of an ischemic complication,[54](#hep30508-bib-0054){ref-type="ref"} whereas simultaneous increases in lactate and pyruvate with a stable lactate‐to‐pyruvate ratio may be the first evidence of ACR.[54](#hep30508-bib-0054){ref-type="ref"}

Following reperfusion of liver grafts, time‐dependent decreases in C5a, IL‐1 receptor antagonist, IL‐6, IL‐10, and macrophage inflammatory protein 1 beta were found, whereas the courses of the chemokines IL‐8 (chemokine \[C‐X‐C motif\] ligand 8 \[CXCL8\]) and interferon gamma‐induced protein 10 (IP‐10; CXCL10) were more stable.[55](#hep30508-bib-0055){ref-type="ref"} In the same study, C5a increased with ischemia but not with rejection, as opposed to IP‐10, which increased 2‐5 days before circulating ALT and bilirubin in grafts with ACR but not in ischemic grafts. There were no correlations between the concentration levels of any of the markers sampled within 24 hours after graft reperfusion and graft function during the first week. Furthermore, neither the magnitude of inflammatory mediators nor metabolic parameters following graft reperfusion could predict later occurrence of ACR. Thus, more studies exploring dynamic changes in complement activation markers and other immunologically active mediators in microdialysate from hepatic tissue during the process of organ harvest, ischemia, and reperfusion are needed.

Summary {#hep30508-sec-0014}
=======

Knowledge of the role of complement in homeostasis and disease is rapidly evolving. The liver is an organ where most complement characteristics come to play. Not only is the liver the main producer of complement proteins, but it is also an immunoprivileged organ with fascinating tolerance against complement attack, clinically important in liver transplantation. The liver is the human organ with the highest regenerative ability. Intriguingly, complement appears to be a central player as experimental studies indicate that liver regeneration is largely complement‐dependent. Complement‐induced liver injury, as seen after ischemia--reperfusion, is delicately balanced with complement‐dependent regulation of regeneration, suggesting that complement is a double‐edged sword in these processes. Complement inhibition evolves as a therapeutic acute strategy in IRI and acute liver failure, while long‐term treatment might be beneficial in NASH. In these scenarios targeted complement inhibition preventing or reducing cleavage of C5 with specific C5 inhibitors would reduce detrimental hepatic C5a actions and deposition of C5b‐9 on hepatocytes. This approach appears promising as it entails several advantages: C5 inhibition is already used clinically (i.e., eculizumab) for other indications and thus has been evaluated as a safe therapy even in critically ill patients, in which host immunity is preserved, and beneficial C3a hepatocyte‐proliferative effects are conserved. Still, while global C5 or even upstream C3 inhibition might be beneficial in some situations, could a more direct targeting of parts of the system be beneficial in others? Inhibitors targeting C1s (classical pathway), factor D (alternative pathway), or specifically the C5aR1 could be alternative approaches when retention of parts of the systems is desirable. Tissue targeting is another promising complement therapeutic principle where a conjugate of CR2, binding to C3d deposited in the tissue, and a complement inhibitor like factor H will go directly to the complement‐attacked tissue after systemic infusion and inhibit complement locally but not compromise the systemic complement function. More research is needed, but as mediator‐directed therapy rapidly develops, complement could be a key system to manipulate and optimize the unique physiological characteristics of the liver in various clinical settings, including hepatic protection during major surgery, transplantation, and acute liver failure.
